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ABSTRACT
Numerical analysis and a laboratory testing program were conducted in
order to investigate the effect of lithophysal porosity on the elastic stress-strain
properties of the lithophysae-rich tuff specimens and to find the locations of
cavities in both analog and tuff specimens.
In the first part of the study, a finite difference mesh containing circular
holes was modeled for varying porosity ranges between 5 and 40% using
commercially available software FLAG20' version 3.5. Elastic (Young's) modulus
and Poisson's ratio were calculated for each setup and normalized with respect
to matrix elastic modulus and Poisson's ratio. The moduli calculated through
numerical analysis were compared with those determined by the biaxial testing of
urethane cubes containing circular holes extending through the cube that have
same sizes and distribution of holes as those numerically analyzed. Correlation
between moduli determined through testing and numerical analysis was very
good.
Secondly, ultrasonic testing was conducted on plaster of Paris specimens
containing spherical STYROFOAM® inclusions and tuff specimens to determine
the locations of the spherical STYROFOAM® inclusions and lithophysal cavities,
respectively. The ultrasonic characterization technique was able to detect
numerous inclusions within each plaster and some cavities in most of the tuff
specimens. The ultrasound technique could not locate the exact positions and
dimensions of STYROFOAM® inclusions in plaster of Paris specimens and
cavities in tuff specimens but rather roughly detected such zones in specimens.
Thirdly, lithophysal tuff and plaster of Paris specimens containing
spherical STYROFOAM® inclusions were tested under uniaxial compression and
moduli and compressive strengths were determined. Elastic moduli of plaster
specimens were normalized with respect to the matrix modulus of a zero porosity
plaster specimen. Similar decreasing trend in modulus with increasing porosity
was observed and correlation between each data set was good in most of the
porosity values. Fifteen tuff specimens, including five specimens from middle
non-lithophysal units, were also tested under uniaxial compression. The
compressive strength and elastic modulus values for tuff showed a decreasing
trend with increasing porosity. The reason of variations in data is due to
heterogeneities and discontinuities within the tuff.
1. INTRODUCTION
Four geologic units of the Topopah Spring Tuff comprise the repository
host horizon, i.e., the zone of strata in which the potential repository would be
constructed. Of the four units, two contain a significant number of bubble-like
voids, or vugs, known locally as lithophysae. These lithophysal units, designated
Tptpul and Tptpll according to USGS terminology, contain from 5 to 30% by
volume of lithophysae and have a relatively low frequency of fractures longer
than 1 meter. The engineering properties of tuff (elastic modulus, Poisson's ratio
and uniaxial compressive strength) are important for design and future
performance of the engineering structures constructed in these rock zones. The
predicted stress level around the underground openings, and thus the stability of
the openings, is directly dependent on the modulus of the rock mass. As a result,
the ability to predict rock behavior depends on achieving a reasonable degree of
accuracy in the determination of this parameter.
Some laboratory testing has been done on lithophysae-rich tuff (e.g.
Martin et al., 1996), but these tests are not considered representative of the
majority of the units, because the sizes of many of the lithophysae in the field
exceed the dimensions of the laboratory samples. Moreover, with lithophysal
diameters typically ranging from 100 to 300 mm, and even up to a meter, there
are few field tests that can adequately measure the rock mass properties. The
objective of this study is to determine or estimate the rock mass stress-strain
properties of the lithophysal units.
This report presents the results of five approaches: (1) two-dimensional
numerical modeling of a medium containing circular holes which creates porosity
similar to lithophysae (2) biaxial testing of urethane specimens containing circular
holes (3) comparison of numerical analysis and biaxial test results (4) uniaxial
compression testing plaster of Paris specimens containing STYROFOAM®
inclusions which represent lithophysae and tuff specimens containing
lithophysae; and (5) ultrasonic testing on plaster specimens containing
STYROFOAM® inclusions and tuff specimens to determine the locations of
cavities. The numerical analysis results used in this report was originally
discussed in modeling report (MOD-01-003).
Electronic data were controlled in accordance with QAP-3.1 "Control of
Electronic Data".
2. NUMERICAL MODELING
The purpose of the numerical analysis was to investigate the effect of
lithophysal porosity on the elastic stress-strain properties of the tuff. The
properties of tuff without lithophysae were designated matrix properties and tuff
properties with lithophysal cavities were designated effective properties. The
analysis was performed for a 6 inches by 6 inches square cross-section with a
uniform distribution of lithophysal cavities for a variety of porosities using FLAG20
version 3.5. The purpose of numerical analysis was to compare the matrix
properties with the effective properties. Numerical model inputs are: (1) boundary
conditions and loading (2) material properties (3) locations and radii of circular
holes. A description of each input entry is given below.
2.1. Model and Boundary Conditions
The analysis was performed using a linear elastic material model. This
material model was chosen because the purpose was to determine the effect of
lithophysal cavities on the elastic stress-strain properties. Two initial elastic
properties of the matrix were required as input into the FLAG20: Elastic modulus
and Poisson's ratio. The choice of the value of Young's Modulus for the analysis
was arbitrary because the material was linear elastic and failure does not occur.
An arbitrary elastic modulus of 10,000 psi was chosen. For Poisson's ratio, a
range of values was chosen such as, 0.1, 0.2, 0.3, 0.4, 0.45 or 0.49.
FLAG20 code was run under plane strain conditions. Two other boundary
conditions were used as input parameters: free sides and constrained sides. In
free sides, the FLAG20 gridpoints were allowed to move horizontally along the
model's vertical boundaries under loading. In models with constrained sides,
these gridpoints are constrained in horizontal direction (Figure 1). A vertical
displacement of 0.5 inches was arbitrarily chosen and applied only to the top
nodes of the model. Since the material model was linear elastic and failure did
not occur, the amount of vertical displacement was also arbitrary. The value 0.5
inches corresponded to an engineering strain of 8.33% in the vertical direction
(Figure 1). The vertical displacements were applied in very small increments to
numerically simulate a displacement-controlled uniaxial compression test.
Cavities in lithophysal tuff were simulated in numerical analysis as
uniformly distributed circles. Three different scenarios (1 hole, 9 holes and 36
holes) were modeled and studied (Figure 1). No contacts between holes and
model boundaries were allowed.
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Figure 1. Boundary conditions and distribution of circular holes in numerical
models
Porosity was defined as the total area of circular holes divided by the total
cross sectional area. For each scenario, the size of the cavities was determined
by setting the porosity equal to 5%, 10%, 20%, 30% and 40%. The geometries of
the cavities were provided in the table below.
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Table 1. Dimensions of circular holes for each scenario in FLAC2D modeling
Porosity
5%
10%
20%
30%
40%
Number of Cavities
1
9
36
1
9
36
1
9
36
1
9
36
1
9
36
Cavity Radius (inch)
0.757
0.252
0.126
1.07
0.357
0.1785
1.515
0.5045
0.2525
1.855
0.618
0.309
2.14
0.714
0.357
2.2. Calculation of Stress and Strain Properties
The numerical model used in the analysis had dimensions of 6 inches X 6
inches. The cross-section was subjected to a vertical displacement and the
resulting stresses and strains were computed by FLAG throughout the cross-
section at each finite difference zone. Using the matrix elastic properties and the
computed stresses and strains, the effective elastic properties could be
calculated for models containing circular holes.
FLAG calculates stresses and strains at each finite difference zone. From
the stresses and strains, the effective elastic modulus and effective Poisson's
ratio were calculated. The term "effective" indicate that the calculated properties
belong to the models containing holes and differ from the input properties of the
matrix. In order to calculate elastic modulus and Poisson's ratio, Hooke's law for
plane strain conditions was used. These equations can be found in Timoshenko
and Goodier (1987). For plane strain conditions and free sides boundary
conditions, Hooke's law can be written as:
£„ = (1 + v) cry] (1)
(2)
where E and v are matrix elastic modulus and Poisson's ratio, respectively.
Rearranging the equations and solving for E and v;
9
£y ~ 2 Ex + ff* £x °V + °> *y °V - 2 ey
(3)
Hooke's Law for the case of confined sides can be written as:
0 = lf(l - v2) ffx - v (1 + v) ay] (5)
(Note that strain in the horizontal direction is zero due to confined sides.)
T, - v (1 + v) ffx] (6)
Rearranging the equations and solving for E and v,
(8)
2.3. Results of Numerical Analysis
Results of the numerical analysis are presented in Appendix A. The
graphs comparing the ratio of Eetf (effective elastic modulus) to Em (matrix elastic
modulus) are provided in Figure A1 (a) through (f). The graphs comparing the
ratio of vetf (effective Poisson's ratio) to vm (matrix Poisson's ratio) are provided in
Figures A2 (a) through (f). The ratios mentioned above are "normalized elastic
modulus" for elastic modulus and "normalized Poisson's ratio" for Poisson's ratio.
The terms "fixed" and "free" in the figures' legends refer the models with fixed
(constrained) sides and the models with free sides, respectively.
2.3.1. Results: Normalized Elastic Modulus
Normalized moduli versus porosity with varying Poisson's ratios are
shown in Figure A1. For all matrix Poisson's ratios, there is a decrease in
effective elastic modulus as the porosity increases. The curves generated for
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different configurations of circular hole overlap each other at smaller porosities
and create a broader envelope while porosity increases. This envelope is in its
narrowest form for vm=0.1 and broadest for vm=0.49 despite difference between
these two curves being somewhat small. At 5% porosity, the ratio Eeff/Em is
approximately 0.9 and at 40% lithophysal porosity, the ratio is approximately 0.4
showing that there is a 60% decrease in elastic modulus due to porosity.
There is a slight dependence of modulus on matrix Poisson's ratio so that,
greater the Eeff/Em ratio results from the higher matrix Poisson's ratio. At 5%
lithophysal porosity, Eeff/Em is 0.9 (vm=0.1) and 0.92 (vm=0.49). Similarly at 40%
lithophysal porosity, Eeff/Emis 0.38 (vm=0.1) and 0.45 (vm=0.49). These trends are
valid regardless of the boundary conditions applied to numerical models.
Therefore, model boundary conditions did not affect elastic modulus and
Poisson's ratio significantly.
2.3.2. Results: Poisson's Ratio
For models with constrained sides, the effective Poisson's ratio is always
greater than the matrix Poisson's ratio for vm=0.1. From 5 to 20%, the effective
Poisson's ratio increases (Figure A2-a). After 20% porosity, the effective
Poisson's ratio decreases, but does not have lower values than the matrix
Poisson's ratio. This behavior was seen in all numerical scenarios.
For a matrix Poisson's ratio of 0.2, the effective Poisson's ratio is greater
than or equal to the matrix Poisson's ratio for lithophysal porosities of 5 and 10%
(Figure A2-b). At greater lithophysal porosities, the effective Poisson's ratio is
less than the matrix Poisson's ratio for all numerical scenarios.
For matrix Poisson's Ratios greater than 0.2, the effective Poisson's ratios
are always less than the matrix Poisson's ratio. The largest value of effective
Poisson's ratio is at the lowest porosity and the smallest value is at the highest
porosity for all numerical scenarios.
For models with free sides, the effective Poisson's ratio is dependent upon
the distribution of the holes for vm=0.1. For numerical models containing 1 hole,
the effective Poisson's ratio increases linearly from 0.124 at 5% porosity to 0.232
at 40% porosity. For numerical models containing 9 holes, the effective Poisson's
ratio increases parabolically from 0.118 at 5% porosity to 0.15 at 40% porosity.
For numerical models containing 36 holes, the effective Poisson's ratio increases
from 0.108 at 5% porosity to a maximum of approximately 0.135 at 25% porosity
and back down to 0.123 at 40% porosity.
For a matrix Poisson's Ratio of 0.2, the effective Poisson's ratio is
dependent upon the distribution of the porosity. For numerical models containing
1 hole, the effective Poisson's ratio increases linearly from 0.208 at 5% porosity
to 0.261 at 40% porosity. For numerical models containing 9 holes and 36 holes,
the effective Poisson's ratio decreases parabolically from 5% porosity to 40%
porosity. For cross sections containing 9 holes, the decrease in Poisson's ratio is
from 0.204 to 0.188. For cross sections containing 36 holes, the decrease is from
0.2 to 0.168.
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For a matrix Poisson's ratio of 0.3 (Figure A2-c), the effective Poisson's
ratio for the numerical models containing one hole is approximately 0.29,
regardless of porosity. For numerical models containing 9 and 36 holes, the
effective Poisson's ratio decreases with increasing porosity.
For matrix Poisson's ratios higher than 0.3 (Figure A2-d to -f), regardless
of the hole distribution, the effective Poisson's ratio decreases with increasing
porosity. The cross-section containing 1 hole has the least decrease and the
numerical models containing 9 and 36 holes have the same decreases in
effective Poisson's ratio.
3. EXPERIMENTAL INVESTIGATIONS
The purpose of the experimental work was to investigate the effect of
lithophysal porosity on the elastic stress-strain properties of the tuff. The
experimental effort was conducted using three different materials and consisted
of several components:
• Biaxial compression testing of urethane specimens to verify elastic moduli
determined through numerical modeling
• Producing cubic plaster specimens with spherical STYROFOAM®
inclusions
• Obtaining tuff samples from the outcrop of Yucca Mountain and cutting
cubic specimens
• Ultrasonic characterization of plasters and tuff specimens
• Uniaxial compression testing with Acoustic Emission (AE) monitoring of
plaster and tuff specimens
The specimens, testing and results are described in subsequent sections of
this report.
3.1. Specimens
Two different materials (urethane and plaster of Paris) were used to
produce analog specimens. The term "plaster" was used throughout this report
instead of Plaster of Paris. Testing was also conducted on tuff specimens. The
analog specimens are described below.
3.1.1. Urethane Specimens
Twenty urethane specimens were produced for biaxial testing. The
urethane specimens were cubic with nominal dimensions of 6"x6"x6". The cubes
contain uniformly spaced circular holes that extend through the specimen. Tables
2 and 3 summarize the urethane models produced for testing and the geometry
of circular holes within the models.
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Table 2. Number and geometry of urethane specimens
Number of
Holes
0
1
9
36
Nominal Porosity and Number of Specimens Produced
0%
1
N/A*
N/A*
N/A*
5%
N/A*
X**
X**
1
Total Specimens to be Tested
10%
N/A*
1
1
1
20%
N/A*
1
1
1
30%
N/A*
1
1
1
40%
N/A*
1
1
1
14
* N/A - not applicable
** X - specimen geometries that will not be tested
Table 3. Diameters of circular holes in urethane specimens
Number of Circular
Holes
1
9
36
Nominal Porosity (%)
10
20
30
40
10
20
30
40
5
10
20
30
40
Diameter (inch)
2.14
3.03
3.71
4.28
0.714
1.009
1.236
1.428
0.252
0.357
0.505
0.618
0.714
The circular holes were spaced in a regular rectangular pattern within the
specimens. The coordinates of the center of the holes are provided in Table 4.
Tab)le 4. Coordinates of the center of holes in urethane specimens
Number of Holes
1
9
36
Center(s) of Holes* (inch)
(0,0)
(-2,2) (0,2) (2,2)
(-2,0) (0,0) (2,0)
(-2,-2) (0,-2) (2,-2)
(-2.5,2.5) (-1.5,2.5) (-0.5,2.5) (0.5,2.5) (1.5,2.5) (2.5,2.5)
(-2.5,1.5) (-1.5,1.5) (-0.5,1.5) (0.5,1.5) (1.5,1.5) (2.5,1.5)
(-2.5,0.5) (-1.5,0.5) (-0.5,0.5) (0.5,0.5) (1.5,0.5) (2.5,0.5)
(-2.5.-0.5) (-1.5.-0.5) (-0.5.-0.5) (Q.5,-0.5) (1.5.-0.5) (2.5.-0.5)
(-2.5.-1.5) (-1.5.-1.5) (-0.5.-1.5) (0.5.-1.5) (1.5.-1.5) (2.5.-1.5)
(-2.5,-2.5) (-1.5.-2.5) (-0.5.-2.5) (0.5.-2.5) (1.5.-2.5) (2.S.-2.5)
The center of the specimen has coordinates of (0,0). All coordinates are measured from
the center.
13
Six urethane specimens with 36 regularly spaced holes that were in
different sizes were also tested. Sketches of the specimens are provided in
Figure 2.
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Figure 2. Urethane specimens containing 36 regularly spaced holes of different
sizes.
The associated porosities of sketches in Figure 2 are provided in Table 5.
The specimens were tested in biaxial compression (plane strain compression).
The plane of the specimen containing the hole(s) was constrained during testing.
Table 5. Porosities of the specimens shown in Figure 2
Specimen
Design 1
Design 2
Design 3
Design 4
Design 5
Design 6
Porosity (%)
26
37
31.5
28.8
29.3
28.1
14
3.1.2. Plaster Specimens
Fifteen plaster specimens were produced for uniaxial compression testing.
The specimens were cubic with nominal dimensions of 6"x6"x6". Fourteen of the
specimens contained spherical STYROFOAM® inclusions that represent
lithophysal cavities. STYROFOAM® is a registered trademark for a line of
extruded polystyrene foam products. The other specimen was made only of
plaster specimen without any inclusions. The STYROFOAM® inclusions were
placed in the specimens with either a structured format or a random format as
seen in Table 6.
Table 6. Cavity structures of plaster specimens
Cavity
Structure
Structured
Random
Description
Central cavity surrounded by
smaller cavities (Central Cavity)
Randomly placed
small cavities (1"
and 1.5" diameter)
Four columns of stacked
cavities evenly spaced
throughout the specimen
(Stacked Cavity)
Randomly placed large
cavities (2" and 2.5"
diameter)
Randomly placed
small and large
cavities (1", 1.5",
2" and 2.5"
diameter)
Table 7 presents a detailed table showing the locations of the spherical
cavities for the structured specimens. More detail about plaster of Paris
specimens containing STYROFOAM® inclusions is given in Appendix B.
Table 7. Coordinates of structured cavities
Type of
Structured
Cavities
Central
Cavity
Stacked
Cavity
Nominal
Porosity
10%
and
20%
10%
20%
30%
Cavity Type
Central
Surrounding
Stacked
Stacked
Stacked
Coordinates (inch)
X*
0
-2
-2
2
2
-1.5
-1.5
1.5
1.5
-1.5
-1.5
1.5
1.5
-1.5
-1.5
1.5
1.5
Y*
0
-2
2
-2
2
-1.5
1.5
-1.5
1.5
-1.5
1.5
-1.5
1.5
-1.5
1.5
-1.5
1.5
z**
3
1 and 5
1 and 5
1 and 5
1 and 5
1" diameter: 1
2" diameter: 3
1" diameter 5
1.5" diameter: 0.875
2.5" diameter: 3
1.5" diameter: 5.125
2.5" diameter: 1.5
2.5" diameter: 4.5
* The center of the base plate has
** The Z coordinate at the surface
coordinates (0,0).
of the bottom of the specimen is (0)
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3.1.3. Tuff Specimens
Fifteen tuff specimens were tested under uniaxial compression testing.
The tuff blocks were collected from the outcrops of Yucca Mountain in the
Nevada Test Site and cut into nominal cube specimens at the Sample
Management Facility. The specimen numbers and Nevada Test Site locations
where the specimens were taken are given in Table 8.
Table 8. Tuff specimens and the Nevada Test Site locations
Specimens
Topopah Spring
Tuff Unit
Upper Lithophysal
Middle non-
lithophysal
Lower Lithophysal
Specimen
Number
01016040
01016042
01016045
01016046
01016047
01014640
01016090
01016091
01016092
01016044
Cube
Number
1 of 1
1 of 2
1 of 2
1 of 2
1 of 3
2 of 3
1 of 3
2 of 3
1 of 2
2 of 2
1 of 2
2 of 2
1 of 1
1 of 3
3 of 3
Nevada Test Site Location
East side of Busted Butte
East side of Busted Butte
East side of Fran Ridge
East side of Fran Ridge
Sandia Quarry
Sandia Quarry
Approximately 0.25 miles south of
large block test (Fran Ridge)
South slope of Busted Butte
South slope of Busted Butte
West side of Fran Ridge
3.2. Biaxial Compression Testing of Urethane Specimens
The purpose of the biaxial compression testing was to compare elastic
modulus and Poisson's ratio of the specimens containing holes to that of a solid
specimen. Elastic modulus and Poisson's ratio of a specimen containing holes
were designated Eeff and veff, respectively whereas Em and vm show matrix
values. A biaxial compression test configuration was chosen because it imposed
the same plane strain boundary conditions on the specimen as the 2D numerical
analysis (FLAG20 version 3.5).
3.2.1. Test Setup
The equipment used in the biaxial testing consisted of a biaxial testing
frame, a load frame, a proving ring and eight linear variable differential
transformers (LVDTs). The LVDTs are electronic instruments that are used to
measure displacement. It consisted of a base plate, on which the specimen sat,
two out-of-plane plates connected by four all-thread rods that kept the specimen
from deforming outward and LVDT clamps. The plane of the specimen containing
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the hole(s) was constrained during testing. Figure 3 shows a photograph of the
biaxial testing frame.
Securing Rods for
Out-af-FteisB r'laies
B3ck Side
Oui-of.Planfi Plate
Back Side
Ous-of-Plai;e
LVOT Clamp
Front Side
Oul-of-Piane Plate
Front Side
Out-of Plane
IA/UT Clamp
Base Plate
Lateral Strain LVDT Clamps
Figure 3. Biaxial testing frame
A load frame was used to load the urethane specimens. The biaxial
testing frame was secured to the load frame and the biaxial testing frame. An
LVDT attached to the proving ring measured applied axial force. Other LVDTs
were used to measure the displacements. A photograph of the proving ring
assembly is shown in Figure 4.
Proving Ring
LVDT
Axial Displacement
LVDT Clamp
Top Set Nut
Bottom Set Nut
Load Frame
Upright Bar
Proving Ring
LVDT Proving
Ring Clamp
Axial Displacement
LVDT
Figure 4. Proving ring assembly
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Table 9 contains the measurements and their location as well as
instrument information.
Table 9. LVDT's used in biaxial testing of urethane specimens
Measurement
Axial Force
Axial Strain
Out of Plane Deformation
Out of Plane Deformation
Lateral Deformation
Lateral Deformation
Lateral Deformation
Lateral Deformation
Location-
Coordinates
Top
Top
Front face
Back face
Right side (-2,2)
Right side (0,0)
Right side (2,-2)
Left side (0,0)
Instrument
Proving
ring with
LVDT*
LVDT*
LVDT*
LVDT*
LVDT*
LVDT*
LVDT*
LVDT*
Instrument Information
Proving ring capacity 10,000 Ibs
LVDT* ±0.1 inches
Linearity: better than 0.5%
±0.1 inches
Linearity: better than 0.5%
±0.02 inches
Linearity: better than 0.5%
±0.02 inches
Linearity: better than 0.5%
±0.1 inches
Linearity: better than 0.5%
±0.1 inches
Linearity: better than 0.5%
±0.1 inches
Linearity: better than 0.5%
±0.1 inches
Linearity: better than 0.5%
*LVDT - Linear Variable Differential Transformer
3.2.2. Results: Normalized Elastic Modulus
Figure 5 presents the normalized elastic modulus versus porosity for
specimens containing 1, 9 or 36 holes as well as the special design specimens.
In general, there is an exponential decrease in elastic modulus with an increase
in porosity. For each configuration, the normalized elastic modulus at 40 percent
porosity is approximately 0.4 showing a 60% decrease in modulus comparing
with the solid urethane specimen. The special design specimens do not follow a
clear trend of decreasing modulus with increasing porosity. This is probably due
to solid zones within the specimens.
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Figure 5. Normalized elastic modulus versus porosity for urethane specimens
(DIN: 027BA.005)
3.2.3. Results: Normalized Poisson's Ratio
Figure 6 presents the normalized Poisson's ratios versus porosity for
specimens containing 1, 9 and 36 holes as well as the specially designed
models. For the models containing one hole, there is no decrease in effective
Poisson's ratio with increasing porosity. For models containing 9 holes, 36 holes
and models that have specially arranged holes, there is a decrease in veff/vm with
increasing porosity. For models containing 9 holes, there is a minimum value of
veff/vm at 40 percent porosity of 0.68. However, with models containing 36 holes
and specially designed models, the value of veff/vm at approximately 40 percent
porosity is approximately 0.4.
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Figure 6. Normalized Poisson's ratio versus porosity for urethane specimens
(DIN: 027BA.005)
3.3. Comparison of Biaxial Testing and Numerical Analysis
The normalized elastic moduli computed through numerical analysis were
plotted with the ones determined from biaxial compression testing on urethane
specimens containing circular holes for vm=0.49, which is approximately equal to
matrix Poisson's ratio of urethane (Figure 7).
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Figure 7. Normalized elastic modulus determined through numerical modeling
(empty squares) and biaxial compression testing on urethane specimens (empty
circles). (For urethane; DIN: 027BA.005 for numerical data; Data Tracking
Number: UN0110MWD027MK.001).
The correlation between normalized elastic moduli of numerical analysis
and testing is very good, especially for models containing 1 and 9 holes. The
differences between numerical and test results for models 36 holes are probably
due to deformation in the securing rods, which resulted in a slight violation in
plane-strain condition test conditions. The compatibility between testing and
numerical analysis data also indicates that numerical analysis followed in this
study is a reliable tool in investigation of the effects of porosity on elastic
modulus.
The normalized Poisson's ratios computed through numerical analysis
were plotted with the ones determined from biaxial compression testing on
urethane specimens containing circular holes are shown in Figure 8. The
correlation between numerical analysis and testing is good for models containing
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1 and 9 holes. For models containing 36 holes numerical modeling overestimates
the normalized Poisson's ratios.
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Figure 8. Normalized Poisson's ratio determined through numerical modeling
(empty squares) and biaxial compression testing on urethane specimens (empty
circles). For urethane; DIN: 027BA.005 for numerical data; Data Tracking
Number: UN0110MWD027MK.001
3.4. Uniaxial Compression Testing of Plaster and Tuff Specimens
The uniaxial compression testing was conducted on plaster specimens
containing STYROFOAM® inclusions and lithophysal tuff specimens in order to
determine the elastic moduli and compressive strengths. The purpose of the
uniaxial compression testing is to investigate the effect of varying porosity on the
compressive strength and the elastic modulus due to STYROFOAM® inclusions
in plaster specimens and lithophysal cavities in tuff specimens.
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3.4.1. Test Setup
Uniaxial compression testing was conducted at the Material Testing
Laboratory in the Nevada Test Site by using 1-million pound loading frame. All
specimens were tested dry and at room temperature. The axial force and axial
displacement were recorded during the testing using the parametric output of the
Acoustic Emission (AE) data acquisition system with a sampling rate of 1 Hz. The
uniaxial compression testing was conducted according to ASTM D2938-95 by
loading specimens gradually in a displacement controlled way.
Stress and strain curves were plotted and deformation moduli were
calculated using the linear-elastic portion of stress-strain curves. Axial
displacements, which were used to calculate axial strains, were corrected by
subtracting the machine displacements from those recorded. Since the
specimens have cavities and introduced inclusions that have negligibly small
elastic modulus, local failures occurred during the testing. However, these
failures did not affect the data set.
Deformation modulus was calculated using the regression analysis
provided in Microsoft Excel 2000 version 9.0.2720. In regression analysis
confidence level was set to 95% and the constant was not zero. Poisson's ratios
were not calculated because horizontal displacements were not measured during
the testing.
The maximum compressive strength of the specimen was taken as the
maximum value immediately after the yield point on the stress-strain curve
3.4.2. Porosity of Tuff
Two specific gravity tests were conducted at the Material Testing
Laboratory in the Nevada Test Site. These were the bulk specific gravity test and
specific gravity test according to ASTM 2726-96 and ASTM 854-00, respectively.
Porosity of tuff was calculated using both specific gravity and dry bulk specific
gravity. The difference between specific gravity and dry bulk specific gravity was
assumed as porosity of the particular specimen. Porosities of tuff specimens are
presented in Table 10.
3.4.3. Results: Compressive Strength and Elastic Modulus of Plaster
Specimens
Fifteen plaster specimens were tested. Results of compressive strengths
and elastic moduli are given in Table 10.
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Table 10. Compressive strengths and elastic moduli for plaster specimens
containing STYROFOAM® inclusions (DIN: 027BA.006)
Names
CENTRAL 10%
CENTRAL 20%
R-S&L 40%
R-SMALL 40%
R-LARGE 40%
R-S&L 30%
R-SMALL 10%
R-SMALL 20%
R-SMALL 30%
STACKED 20%
HO-PO 0%
STACKED 10%
R-LARGE 30%
R-LARGE 20%
STACKED 30%
MTL#
1652
1653
1654
1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665
1666
Porosity (%)
r~ 10
20
40
40
40
30
10
20
30
20
0
10
30
20
30
Compressive
Strength (psi)
1196
993
472
527
404
694
1633
702.9
712
1100
1130
1266.5
430.5
687.2
1011.5
Young's
Modulus (ksi)
323
294
196
163
157
227
389
247
192
294
270
309
154
200
314
Figure nine shows that there is an exponentially decreasing trend in
elastic modulus and compressive strength with increasing porosity. The data is
somewhat scattered. Two different distributions were used in production of
plaster specimens and each has different configuration to simulate the different
sizes of inclusions. The lower bound of the distribution of data is determined by
the ones containing larger STYROFOAM® inclusions. Stacked inclusions and
inclusions located around the center of the cube usually produce higher elastic
moduli and compressive strengths.
There are also some data points which do not follow the general trend.
Two of these data points belong to randomly distributed small inclusions having a
total porosity of 20% and 30%. This shows that the small inclusions do not
reduce the stiffness as large inclusions in the same porosity range do. Randomly
distributed STYROFOAM® inclusions, especially the ones with the smaller
STYROFOAM® inclusions might rise towards the surface when the mold is
tapped to remove air bubbles in the plaster during the production stage leaving
stiffer localized areas within the cubes. This could disrupt or destroy the
uniformity of distribution of inclusions and cause an increase on overall stiffness
of the specimen.
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Figure 9. Elastic moduli (a) and compressive strengths (b) of plaster specimens
versus porosity. (DIN: 027BA.006)
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Elastic modulus and compressive strength of the solid specimen is unexpectedly
low probably due to some uncontrolled defects in the specimen during the
production stage.
3.4.4. Results: Compressive Strength and Elastic Modulus of Tuff
Specimens
Fifteen tuff specimens were tested under uniaxial compression loading.
The values of compressive strength and elastic modulus are given in Table 11.
The values in parentheses are in SI units.
Table 11. Compressive strength and elastic modulus for tuff specimens
(DIN: 027BA.006)
ID#
01016091 2 of 2
01014640
01016044 3 of 3
01016042 1of2
01016046 1of2
01016047 2 of 3
01016044 1of3
01016040 1of1
01016090
01016092
01016090 1of2
01014640 1of3
01016091 1 of 2
01016047 1of3
01016045 1of2
Porosity (%)
16.30
22.70
13.40
23.80
26.80
28.00
13.30
31.60
11.30
13.90
11.20
20.30
15.90
30.20
28.90
Compressive
Strength
psi (MPa)
20945.6 (144)
6508.2 (45)
10485.2 (72)
2068.4 (14)
3956.2 (27)
889.4 (6)
9582.1 (66)
2098.1 (14)
27815.2(192)
23691.2(163)
10788.1 (74)
7605.5 (52)
18655.8(129)
2246.7(15)
5691.2(39)
Young's
Modulus
psi (GPa)
2318724(19)
1244195(9)
1381379(10)
294488.2 (2)
611036(4)
137896.5(1)
1093258(8)
3511707(2)
1588944(11)
2764551 (19)
1586518(11)
943183(7)
1997913(14)
569270 (4)
673254 (5)
Figure 10 shows the distribution of elastic moduli and compressive
strengths versus porosity of lithophysal tuff specimens from different units.
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Figure 10. Elastic moduli (a) and compressive strengths (b) of tuff specimens
versus porosity. (DIN: 027BA.006)
The specimens taken from upper lithophysae rich zone show lower elastic
moduli and compressive strengths. Decreasing trend due to increasing porosity
is observed in these samples. Variations in data may be explained by the
existence of cracks and fractures throughout the specimens. Furthermore, tuff
has a complex nature and does not consist of a homogeneous matrix and only
cavities. This heterogeneity might cause variations in measured values. There
were only two specimens (both have low porosities) from lower lithophysal units
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tested, which is not enough testing to draw any conclusions. Specimens from
middle non-lithophysal units have the highest elastic modulus and compressive
strength values possibly due to lack of cavities.
4. ULTRASONIC TESTING OF PLASTER AND TUFF SPECIMENS
The purpose of ultrasonic testing is to locate spherical STYROFOAM®
inclusions in plaster specimens and lithophysal cavities and/or fracture zones
within the tuff specimens. STYROFOAM® inclusions and cavities or fractures are
indicated when the ultrasonic wave cannot propagate through the specimen.
Ultrasonic testing was applied to (1) structured plaster specimens in which
STYROFOAM® inclusions were placed in predetermined locations (2) plaster
specimens in which STYROFOAM® inclusions were randomly distributed (3) tuff
specimens. (DIN: 027BA.002 and DTN: MO0207UCC027BA.002)
4.1. Plaster Specimens Containing Structured Cavities
The structured plaster specimens consisted of regularly spaced
STYROFOAM® inclusions. The inclusions were placed either in the four corners
of the specimen (stacked cavity) or with one large inclusion in the center with
smaller inclusions in the upper and lower corners of the specimen (central
cavity). Table 12 contains the results of the ultrasonic characterization of the
plaster specimens with structured inclusions. The solid circles in each square
indicate STYROFOAM® inclusions identified by the ultrasonic testing. The empty
circles are the inclusions that could not be located using ultrasonic testing.
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Table 12. Results of ultrasonic testing on plaster specimens containing
structured STYROFOAM® inclusions
Specimen
Central 10%
Central 20%
Stacked 10%
Stacked 20%
Stacked 30%
Number of
Cavities
Present
9
9
12
12
12
Number of
Cavities
Identified
6
4
7
7
12
Cavities Identified
Front Side
X
C^O
• 9
• •
0 O
M
••
••
Back Side
:•:
r^^-\ vv
o •
• 0
• o
Si
••
••
This characterization is based on the a priori knowledge of the
approximate location of the STYROFOAM® inclusions. In all but one case, at
least 50% of the STYROFOAM® inclusions were located within the specimens.
The percentage of inclusions detected varied from a high of 100% in the
"Stacked 30%" specimen to less than half of the cavities (44%) in the "Central
20%" specimen. Ultrasonic testing was not used to determine the size or location
of the cavities.
4.2. Plaster Specimens Containing Random Cavities
The purpose of the ultrasonic characterization of the plaster specimens
containing random spherical STYROFOAM® inclusions was to identify the zones
that contain a high concentration of STYROFOAM® inclusions. These zones are
identified by groups of locations where the ultrasonic waves were unable to pass
through the specimen. Results of the characterization are presented in Table 13.
The schematic drawings in Table 13 are approximate locations of zones
containing numerous STYROFOAM® inclusions. In only one specimen, "R-Small
10%", were no zones of inclusions detected. In all the other specimens, at least
one zone of inclusions was detected.
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Table 13. Results of ultrasonic testing on plaster specimens containing randomly
distributed STYROFOAM® inclusions
Specimen
Small
Cavities
Large
Cavities
Small and
Large
Cavities
R-Small 10%
R-Small 20%
R-Small 30%
R-Small 40%
R-Large 20%
R-Large 30%
R-Large 40%
R-S&L 30%
R-S&L 40%
Ultrasonic Characterization Results
/
7
/2
A
Q
II,
/
7
/
7
W1V
L,
/
/
/
©
/
7
/
so\^, —
g
/ft*ftp
*n^~
/
/
7
7
7
\
/
5
/
7
^
/
/
4.3. Tuff Specimens
The ultrasonic characterization was performed on the upper and lower
lithophysal tuff specimens. Middle non-lithophysal tuff specimens do not contain
any lithophysal cavities so the ultrasound testing was not conducted on these
specimens. The results of the ultrasonic characterization are presented in Table
14.
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Tabl*3 14. Results of ultrasonic testing on tuff specimens
s
Topopah Spring
Tuff Unit
Upper Lithophysal
Lower Lithophysal
pecimens
Specimen
Number
01016040
01016042
01016045
01016046
01016047
01014640
01016044
Cube
Number
1 of 1
1 of 2
1 of 2
1 of 2
1 of 3
2 of 3
1 of 3
2 of 3
1 of 3
3 of 3
Location
No P-waves passed through
/l^h
2
47f-'.fl
y
/>i
x
/
(V
/ ~
1?
/
/
0
/
/
/
/
y/
/rL
/
/
m
No detectable cavities
No detectable cavities
No detectable cavities
The schematic drawings in Table 14 show the approximate locations of
zones containing lithophysal cavities based on locations where the ultrasonic
waves could not pass through the specimen. No cavities were detected in two
lower lithophysal specimens and one upper lithophysal specimen. The surface
cavities were neither included nor showed here as part of the detectable cavities.
5. CONCLUSION
In this report, the effect of lithophysal porosity on deformation and strength
properties of tuff was documented through numerical modeling, biaxial
compression testing of urethane specimens and uniaxial compression testing of
plaster specimens and lithophysae-rich tuff specimens. Results of the study
show:
• Numerical analysis and biaxial compression testing on urethane
specimens shows that elastic (Young's) modulus exponentially
decreases with increasing porosity.
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The plaster specimens containing either stacked or randomly
distributed STYROFOAM® inclusions successfully simulate the
lithophysal porosity. Elastic moduli and compressive strengths of
plaster specimens decrease with increasing porosity. The sizes of
inclusions, i.e. cavity sizes, affect the moduli and strength. The
specimens containing larger STYROFOAM® spheres have lower
moduli than those containing smaller inclusions. The effect is less
significant for compressive strength.
The uniaxial compression testing on tuff specimens gives scattered
data of elastic modulus and compressive strength. A general
decreasing trend of these properties is observed. The sharp drop in
both moduli and strength is probably due to different and larger shapes
of lithophysae in increasing porosities. The detection of these zones,
coupled with future planned acoustic emission analysis, may lead to a
better understanding of the failure processes in lithophysal tuff.
The ultrasonic testing successfully detected the zones which contain
STYROFOAM® inclusions on plaster specimens and lithophysal
cavities in tuff specimens. The exact locations and dimensions of the
cavities could not be determined. However, the results showed that the
ultrasonic testing is a useful non-destructive testing method to
determine the weak zones, such as cavities, in rock materials.
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APPENDIX A
Numerical Analysis Results
(Data Tracking Number: UN0110MWD027MK.001)
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Figure A1 Eeff/Em versus porosity for (a) vm=0.1 and (b) vm=0.2
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Figure A1 Eeff/Em versus porosity for (c) vm=0.3 and (d) vm=0.4
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Figure A1 Eeff/Em versus porosity for (e) vm=0.45 and (f) vm=0.49
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Figure A2 veff/vm versus porosity for (a) vm=0.1 and (b) vm=0.2
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APPENDIX B
Setup for Plaster Specimens
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Nominal
Porosity
10%
20%
30%
40%
STRUCTURED CAVITIES
Central Cavity
Number of
Cavities
1
8
Diameter
of Cavities
3"
1" J
Porosity = 8.5%
Name: Central 10%
1
8
Porosity
4"
1.5"
= 22.06%
Name: Central 20%
N/A
N/A
Stacked Cavities
Number of
Cavities
4
8
Diameter
of Cavities
2"
1"
Porosity = 9.7%
Name: Stacked 10%
4
8
2.5"
1.5"
Porosity = 21. 7%
Name: Stacked 20%
8 2.5"
Porosity = 30.3%
Name: Stacked 30%
N/A
RANDOM CAVITIES
Small Cavities
Number of
Cavities
9
11
Diameter
of Cavities
1.5"
1"
Porosity = 10.03%
Name: R-Small 10%
19
20
1.5"
1"
Porosity = 20.39%
Name R-Small 20%
20
56
1.5"
1"
Porosity = 29.94%
Name: R-Small 30%
30
64
1.5"
1"
Porosity = 40.06%
Name: R-Small 40%
Large Cavities
Number of
Cavities
Diameter
of Cavities
N/A
3
5
2.5"
2"
Porosity = 21.06%
Name R-Large 20%
5
6
2.5"
2"
Porosity = 30.57%
Name: R-Large 30%
7
7
2.5"
2"
Porosity = 40.09%
Name: R-Large 40%
Small and Large Cavities
Number of
Cavities
Diameter of
Cavities
N/A
N/A
4
5
5
5
2.5"
2"
1.5"
1"
Porosity = 30.15%
Name: R-S&L 30%
5
5
10
13
2.5"
2"
1.5"
1"
Porosity = 39.97%
Name: R-S&L 40%
42
